Optimal Concentration of Light in Turbid Materials 
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In turbid materials it is impossible to concentrate light into a focus with conventional optics. Recently it 
has been shown that the intensity on a dyed probe inside a turbid material can be enhanced by spatially 
shaping the wave front of light before it enters a turbid medium. Here we show that this enhancement is due to 
concentration of light energy to a spot much smaller than a wavelength. We focus light on a dyed probe sphere 
that is hidden under an opaque layer. The light is optimally concentrated to a focus which does not exceed the 
smallest focal area physically possible by more than 68%. A comparison between the intensity enhancements 
of both the emission and excitation light supports the conclusion of optimal light concentration. © 2010 
Optical Society of America 



In turbid materials such as white paint, biological tissue, 
and paper, spatial fluctuations in refractive index cause 
light to be scattered. Scattering is seen as a huge vexa- 
tion in classical imaging techniques where it degrades the 
resolving power. [1] This decrease in resolution is caused 
by the fact that light carrying information about the fine 
spatial details of a structure has to travel further through 
the medium than the light carrying low spatial frequency 
information. [2] Due to the importance of imaging inside 
turbid materials, many researchers are trying to suppress 
turbidity. [3-8] 

Although light scattering is detrimental to imaging, 
it is recently shown that scattering can be exploited to 
increase the amount of light energy deep inside turbid 
materials. [9] By spatially shaping the wave front of the 
incident light, the emission of a small dyed probe sphere 
hidden inside the turbid layer was strongly enhanced. 
Despite the fact that this enhancement proves an in- 
crease of excitation intensity at the probe position, it 
remains unclear what the spatial distribution of the ex- 
citation light is. From experiments with microwaves [10] 
and ultrasound [11] and recent far field experiments with 
light [12] it is known that scattering can be used to con- 
centrate energy. 

In this Letter we will experimentally show that we can 
also use scattering to focus light inside a turbid material 
to an optimal small spot, i.e, as small as it can physi- 
cally be. The focus is created on a nano-sized dyed probe 
sphere hidden under a strongly scattering layer. A com- 
parison between the intensity enhancements of the probe 
emission and the excitation light supports our conclusion 
of optimal light concentration. 

Figure 1 shows the principle of our experiment, (a) Or- 
dinarily a positive lens focusses an incident plane wave 
to a spot with a size that is limited by the numerical 
aperture (NA) of the lens, (b) A strongly turbid mate- 
rial behind the lens scatters the light so that no focus 
is formed. By matching the incident wave front to the 
scattering sample, we force constructive interference at 




Fig. 1. Principle of the experiment, (a) A positive lens 
focusses a plane wave to a spot which is limited in size by 
the numerical aperture (NA) of the lens, (b) A strongly 
turbid material behind the lens scatters the light so that 
no focus is formed. By matching the incident wave front 
to the scattering sample, we force constructive interfer- 
ence at a target position inside the sample. The light 
now arrives from all directions at the target position, 
significantly increasing the NA of the system. 



a target position inside the sample. At this position mul- 
tiple scattered light arrives from all angles, significantly 
increasing the NA of the system. The focal size is no 
longer limited by the original lens, but can be minimized 
to the smallest spot size physically possible. 

The possibility to focus light to a subwavelength spot 
inside scattering materials yields exciting opportunities. 
In biological imaging, for example, selective illumination 
of fiuorescent areas with high resolution is highly desir- 
able. The efficient light delivery to places inside scatte- 
ring materials might also be used to study more funda- 
mental properties of light transport in both ordered and 
disordered structures. 

Our experiments are performed on opaque layers of 
strongly scattering zinc oxide (ZnO) pigment sprayed on 
top of a low concentration of dyed polystyrene spheres 
that will act as local intensity probes. We used probe 
spheres with a radius of R = 150 nm and R = 80 nm. ZnO 
is one of the most strongly scattering materials known 
and shows no fiuorescence in the spectral region where 
the probes emit. The thicknesses of the scattering layers 
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Fig. 2. Fluorescence (a, c) and excitation (b, d) images 
taken at the position of a probe sphere hidden under 
a layer of zinc oxide. The probe sphere has a radius of 
R = 150 nm. The images are taken at the back of the 
sample where the sphere is directly visible. In (a) and 
(b) we focus a plane wave onto the sample. Scattering 
creates a random specular pattern of excitation light re- 
sulting in a small amount of fluorescent response of the 
probe sphere. In (c) and (d) we illuminate the sample 
with a shaped wave which is created to maximize the 
fluorescent emission. Aside from the fluorescent emission 
enhancement we see a sharp focus of excitation light. All 
intensities are in counts/second. 



range between 7.5 =b 1 /im and 25 =b 4 /im and have a 
mean free path of£ = 0.7±0.2 /am. By measuring the 
angular resolved transmission through the ZnO layers 
[13], we determined their effective refractive index neff 
to be 1.35 ±0.15. [14,15] 

Using a wave front synthesizer, similar to the one dis- 
cussed in Ref. [9], we spatially divide a monochromatic 
laser beam (A = 532 nm) into up to 640 square segments 
of which we individually control the phase. The shaped 
beam is focussed onto our sample using a microscope 
objective (NA = 0.95). The same microscope objective 
is used to capture the fluorescence from a probe hidden 
under the scattering layer. At the back of the sample we 
use an oil-immersion microscope objective (NA = 1.49) 
to directly image the excitation and emission light at 
the probe. A digital feedback system that monitors the 
amount of fluorescence, tailors the wave front to max- 
imize the emission of a probe sphere hidden under the 
scattering layer. Both the fluorescence measured at the 
front and at the back of the sample were used indepen- 
dently to feed the digital feedback system and we did 
not observe a difference in our results. Because detect- 
ing fluorescence at the back of our sample allows us to 
use low shutter times on our camera, we used this signal 
as a feedback for most of our measurements. 

In Fig. 2 we see a typical result of the experiment. 
When we illuminate the sample with a focussed plane 
wave, we measure a low fluorescence response from a 
R = 150 nm probe (a) and we see a speckle pattern in 
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Fig. 3. The measured radial intensity profile of the gener- 
ated spot (stars) and the speckle correlation functions of 
the illumination (NA = 0.95, triangles) and the imaging 
(NA = 1.49, dots) microscope objectives. 



the excitation light (b). Nothing in the speckle pattern 
reveals the position of the probe. If a shaped wave, cre- 
ated to maximize the fluorescent emission, is focussed 
onto the sample we measure an intensity enhancement 
of the emission (c) and we see a sharp focus of excitation 
light at the position of the probe (d). It is surprising to 
see that this focus is smaller than the probe sphere. 

The radial intensity profile in the focus is shown in 
Fig. 3 together with the speckle correlation functions 
(SCFs) measured through both the illumination and the 
imaging microscope objective. The SCF is equal to the 
point spread function (PSF) of an optical system [16-18] 
giving the resolution limit of the illumination and imag- 
ing optics. The measured intensity profile has a half 
width at half max (HWHM) of 111 ±5 nm and a peak in- 
tensity of 32.1 times the average speckle background in- 
tensity. The size of the created spot is not limited by the 
illumination system, as it is substantially smaller than 
the measured illumination SCF. We also see that the 
measured size of the created spot is equal to the SCF 
of the imaging system, meaning that the created spot 
is smaller than or equal to the resolution limit of our 
microscope objective. 

From literature we know that linear polarized light 
can be optimally concentrated to an elliptical focus. [19] 
The HWHM of the two axis of this elliptical focus are 
given by 0.28A/neff and 0.17A/neff and the focal area by 
0.0487rA^/ngff. In our experiment this would result in a 
smallest possible focal area of 0.02 /im^ with the HWHM 
of the two axes 110 nm and 67 nm. The resolution of our 
imaging microscope objective does not allow us to resolve 
the short axis of the spot. However, we see that without 
explicitly minimizing the spot size, the created spot area 
does not exceed the smallest spot area physically possible 
by more than 68%. 

To further investigate the created focus, we compare 
the intensity enhancements of the emission rj^^ and exci- 
tation ?7®^. For the excitation intensity, the enhancement 
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Fig. 4. Measured enhancements of the excitation and emission intensity for spheres with a radius of (a) R = SO nm 
and (b) R = 150 nm. The sohd hues indicate the hnear regression of the data points and the dashed hues represent 
the expected regression for hght that is optimahy concentrated to the smahest possible spot. 



is defined as the ratio between the peak intensity of the 
focus and the average diffusive background intensity. The 
diffusive background intensity is determined by averag- 
ing the intensity at the probe sphere over 100 random 
reahzations of the incoming wave front. The emission 
intensity enhancement is defined as the total emission 
when a focus is created divided by the average emis- 
sion during the reference measurement. In Fig. 4 we have 
plotted the measured enhancements for (a) R = SO nm 
and (b) R = 150 nm probe spheres. For the same probe 
size the emission enhancements rj^^ are proportional to 
77®^. The proportionality constant is clearly different for 
the two probe sizes. The number of control segments was 
varied to create a large spread in enhancements. 

We now theoretically investigate the relation between 
T]^^ and T]^^. The emission power caused by a focused ex- 
citation field is proportional to the focus intensity inte- 
grated over the probe sphere volume. The reference emis- 
sion power scales with the volume of the probe sphere. 
On the contrary, the excitation enhancement is indepen- 
dent of the probe volume and is determined by dividing 
the peak intensity of the focus by the reference speckle 
intensity. The ratio of the enhancements for a probe 
sphere with radius R, Cr, is now given by 

em I r I 

Cr = — = - / dV, (1) 

7/- V Jr /peak ^ ^ 

where V is the volume of the probe sphere. 

Assuming that plane polarized light is optimally fo- 
cussed to the smallest spot area [19] in the center of the 
probe, we numerically calculate the overlap integral in 
Eq. 1. From the calculations we find that Cso = 0.77 
for the 80 nm spheres and C150 = 0.43 for the 150 nm 
spheres (dashed lines in Fig. 4). These values are in good 
agreement with the experimental values Cso and C150 
that we find from the linear regression of the data points, 
Cso = 0.72 ± 0.07 and C150 = 0.50 ± 0.07 (solid lines in 
Fig. 4). This data therefore support the conclusion that 
the light is being optimally concentrated. 



In conclusion, we have focused light onto fiuorescent 
probes hidden by a strongly scattering layer of zinc oxide 
by spatially shaping the phase of a light beam. We stud- 
ied the shape and dimensions of the created focus. We 
found that the focus is optimally concentrated to a fo- 
cus whose area is for certain within 68% of the smallest 
focal area physically possible. A study of the intensity 
enhancements of both the fiuorescence and excitation, 
performed on different probe sizes, supports the conclu- 
sion of optimal light concentration. 
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